In the wake of the March 11 th earthquake and tsunami and the subsequent flooding of several of the Fukushima Dai-Ichi reactors, Japan and the Japanese utility TEPCO faced a crisis situation with incredible challenges: substantial amounts of radioactive mixed seawater and freshwater accumulated in the basements of four reactor and other buildings on the site. This water held varying levels of contamination due to the fact that it had been in contact with damaged fuel elements in the cores and with other contaminated components. The overall water inventory was estimated at around 110,000 tons of water with contamination levels up to the order of 1Ci/l. Time was of the essence to avoid overflow of this accumulated water into the ocean.
INTRODUCTION
In the wake of the March 11 th earthquake and tsunami and the subsequent flooding of several of the Fukushima Dai-Ichi reactors, Japan and the Japanese utility TEPCO faced a crisis situation with incredible challenges. Sea water and then desalted sea water used for open circuit post-accident cooling accumulated in the basements of four reactor and turbine buildings on the site. It held varying levels of contamination due to the fact that it had been in contact with damaged fuel elements in the cores and with other contaminated components.
The water from flooding and subsequent cooling needed to be collected since it was also liable to be contaminated. Despite the use of additional water storage systems brought to the site, a shortage of water storage space was imminent, especially in view of the coming rain season. It was therefore of utmost importance to immediately put in place water treatment systems that would reduce the radioactivity level of this large amount of water and allow recycling this water to cool the reactors.
Within days after the accident, AREVA sent first response equipment including radiation monitoring devices, borated water, and an environmental monitoring van to the Fukushima site. Over the next three months, more than 200 of AREVA's personnel would be involved in this unique industrial, but also intercultural effort, to propose, design and implement a water treatment solution. It allowed recycling the contaminated water to cool the reactors while protecting workers and the environment. The overall water inventory was estimated at around 110,000 tons of water with contamination levels up to the order of 1Ci/l. Time was of the essence to avoid overflow of this accumulated water into the ocean.
On March 27 th , TEPCO and the Japanese government requested international support to help to manage the Fukushima Dai-Ichi crisis. AREVA responded by dispatching a team of 20 experts to Japan with interdisciplinary skills in radioactive effluent decontamination, radiation protection, used fuel management, clean up. It took AREVA and partner Veolia Water just ten days to come up with the solution for the water treatment facility: the Actiflo™-Rad system that was accepted by TEPCO on April 8.
GLOBAL TREATMENT SCHEME DEFINED BY TEPCO
TEPCO designed a multi stage overall treatment process to handle the radioactive waters:
 de-oiling (Toshiba),  pre-treatment (Kurion),  decontamination (AREVA-Veolia), and  desalinization (Hitachi, AREVA-Veolia and Toshiba).
The overall Waste Water Treatment Scenario for Fukushima Dai-Ichi effluents is described in figure 1. 
ACTIFLO™-RAD PRINCIPLES
Contaminated water that passed through the pre-treatment stage enters the Actiflo™-Rad, which is a twostage process comprising two Veolia Water Multiflo™ and Actiflo™ mixer-settlers units, in which is implemented the co-precipitation process developed by AREVA. The Actiflo™-Rad uses a co-precipitation process to decontaminate so that the treated water can enter the desalinization units. Figure 2 outlines the details of the Actiflo™ unit, one of the two stages implemented in Fukushima Dai-Ichi.
Fig. 2: Actiflo™-Rad: Decontamination by Co-Precipitation
First, the wastewater is mixed with several reagents in pre-contact tanks (2x40 m 3 tanks for each treatment process stage) to capture the different radioactive elements, so that they can be recovered from the solutions. Examples of the reagents used at Fukushima Dai-Ichi include nickel ferrocyanide to capture cesium and barium sulfate to precipitate strontium.
The wastewater is then transferred into the mixer-settlers, which comprises four tanks. The first one is the coagulation tank, where the wastewater is mixed with coagulant and undergoes pH adjustment; in a second tank the water can be mixed with micro sand and in a third tank, the maturation tank, the wastewater is mixed with a polymer. All these tanks are mechanically stirred. An example for the principle function and effectiveness of the process is given in figure 3.
Fig. 3: Co-precipitation Principle and Example
The precipitates and colloidal solutions are separated from the water by settling. A rack of inclined metal plates, called lamella, is used to improve the flocculated material separation from water that flows across the plates.
The solid material settles to the bottom of the fourth tank, the settling tank, while the decontaminated water overflows into storage tanks. The treated water then undergoes desalinization, before being recycled into the reactor building for cooling.
The precipitated sludge at the bottom of the settling tank containing all the captured radionuclides is pumped either to the second Actiflo™-Rad stage or to a sludge waste storage facility.
The first stage of the process, based on a Multiflo™ unit, only differs from the described second stage by the absence of microsand injection and hydrocyclone. Figure 4 outlines the 2-stage Actiflo™-Rad treatment process and figure 5 provides the layout of the unit as implemented in Fukushima Dai-Ichi, including also other process parts such as a e.g. the waste water and waste water retention tanks, treated water, sludge and reagents storage tanks as well as a disc filter. 
ACTIFLO™-RAD R&D
The Actiflo™-Rad concept was accepted by TEPCO after the successful completion of preliminary active tests at AREVA's La Hague and CEA's Marcoule as well as Veolia laboratories.
Fukushima's wastewater had been simulated by mixing seawater with boric acid and fission products from La Hague recycling plant. Tests showed the efficiency of ppFeNi (Nickel cyanoferrates) and BaSO 4 reagents to decontaminate Cesium and Strontium from the salted wastewater.
The efficiency of coagulation in the Actiflo™-Rad process was assessed through jar tests in Veolia laboratories in France and Japan. These tests validated the compatibility of AREVA and VEOLIA reagents and determined the settling speed and the turbidity of supernatant. They proved that a two-stage Actiflo™-Rad would achieve a Decontamination Factor (DF) on Cesium between 1,000 and 10,000 and a Decontamination Factor on Strontium between 10 and 100. Figure 6 shows the protocol that was used for the jar tests.
Fig. 6: Jar tests protocol and picture
After the feasibility tests, a design optimization R&D was conducted on a large range of wastewater with different characteristics (presence of chloride, high salinity, pH, effluents temperature range from 20 to 60°C) which proved that there was no significant impact on Decontamination Factor for Cesium and Strontium. Collateral benefits i.e. Decontamination Factors on other radionuclides than Cesium and Strontium were assessed (DF Ru ~10; DF Rh ~10; DF Eu ~100; DF Ce ~10; DF Am ~20; DF Cm ~2; DF Ba-140 ~10). The optimal concentration of each reagent in industrial configuration with recycled sludge was determined. It led to an optimization of the sludge quantities by a factor 10 compared to the sludge production in La Hague tests. The optimal contact time between waste waters and reagents was determined (more than one hour) for the design of the unit (leading to the installation of pre-contact tanks).
Finally, pilot tests for the validation of the chemical engineering were conducted in Veolia Kawasaki (Japan) plant on a 1/10 scale model as depicted in Figure 7 .
Fig. 7: Actiflo™ Pilot Tests in Kawazaki

ACTIFLO™-RAD IMPLEMENTATION CHALLENGES
Time has been the main driver of the project. With contaminated cooling water accumulating in the Fukushima Dai-Ichi reactors and turbine buildings, it was vital to start the treatment before June 20, to avoid any overflow to the ocean.
To match this deadline, from April to June, more than 200 of AREVA and Veolia personnel were involved in this unique industrial, but also intercultural effort. Experts from around the world collaborated and not only proposed a water treatment solution in 10 days but implemented it in 80 days. To save time, R&D tests to optimize the process, basic & detailed design, safety studies, and construction tasks were performed in parallel as much as possible.
Schedule was not the only issue: the activity levels of the contaminated water, outside of a crisis situation, would have required the design and construction of a dedicated building for the water treatment, with remote operation and maintenance. Instead the water treatment unit was based on existing Actiflo™ and Multiflo™ units that had to be dismantled from the industrial site where they were used, then modified in Veolia workshops and finally installed in the Radwaste building on Fukushima site. This created added complexity in the design and implementation.
AREVA, Veolia as well as partner JGC together with TEPCO and partners worked to design an emergency unit, making the most of 3 keywords: robust, simple, and efficient. The ALARA principle guided the adaptation of Actiflo™ equipment to a nuclear environment: the equipment was modified (e.g. valves were doubled, replaced and/or moved) and shielded to improve the maintainability of the unit and limit the dose rate to workers. Each maintenance operations have been studied individually with maintenance experts from La Hague recycling plant, the goal was to prepare guidelines to operators, and assess the operator dose rate thus defining the minimum amount of radiological shielding.
ACTIFLO™-RAD OPERATION RESULTS TO-DATE
Water decontamination at Fukushima Dai-Ichi is a success: the highly radioactive water decontamination emergency facility operated by ATOX proved essential in Fukushima Dai-Ichi crisis mitigation. It prevented any overflow or non-mastered release of contaminated water to the ocean.
As of September 20, 77,400 tons of highly radioactive water has been decontaminated through the Actiflo™-Rad unit enabling a closed circuit cooling of the Fukushima Dai-Ichi reactors and used fuel pools with decontaminated and desalted water. The Cesium Decontamination Factor for Actiflo™-Rad unit is above 10 4 and the Cesium activity in the treated water is below the detection limit.
CONCLUSION
AREVA's response to the Fukushima Dai-Ichi crisis was multi-phased: emergency aid and relief supply was sent within days after the accident; AREVA-Veolia engineering teams designed and implemented a water treatment solution in record time, only 3 months; and AREVA continues to support TEPCO and propose solutions for waste management, soil remediation and decontamination of the Fukushima Dai-Ichi site.
Despite the huge challenges, the Actiflo™-Rad project has been a success: the water treatment unit started on time and performed as expected. The performance is the result of many key elements: AREVA expertise in radioactive effluents decontamination, Veolia know-how in water treatment equipments in crisis environment, and of course AREVA and Veolia teams' creativity.
The project success is also due to AREVA and Veolia teams' reactivity and high level of commitment with engineering teams working 24/7 in Japan, France and Germany. AREVA and Veolia deep knowledge of the Japanese industry ensured that the multi-cultural exchanges were not an issue. Finally the excellent overall project management and execution by TEPCO and other Japanese stakeholders was very efficient.
The emergency water treatment was a key step of the roadmap towards restoration from the accident at Fukushima Dai-Ichi that TEPCO designed and keeps executing with success.
